Abstract Objective: To determine the effect of forced deflation maneuvers on respiratory mechanics and to assess the reproducibility of such measurements in intubated infants with lung disease. Design and setting: Prospective study in the pediatric intensive care unit of a university children's hospital. Patients: Ten clinically stable infants requiring mechanically assisted ventilation for acute pulmonary disease, mean age 5.9 months (1-18), mean weight 5.8 kg (3.2-13). Interventions: Two sets of measurements of compliance (Crs) and resistance (Rrs) were obtained at 20-min intervals both before and after +40/−40 cmH 2 O forced deflation maneuvers. Forced deflation measurements were repeated at the end of the study. Results: Forced deflation caused a significant increase in Crs from 0.53±0.09 and 0.58±0.11 ml/cmH 2 O/kg to 0.71± 0.11 and 0.68±0.11 ml/cmH 2 O/kg. Rrs measurements did not differ.
The low coefficients of variation for repeated measures of the baseline measurements (Crs 4.2±0.5%, Rrs 7.1±0.8%, for forced vital capacity 8.6±2.5%, maximum expiratory flows at 25% vital capacity 16.0%±3.3%) confirmed the good reproducibility during stable conditions. Conclusions: Inflation and deflation maneuvers affect subsequent measurements of respiratory system compliance but not measurements of maximum expiratory flowvolume relationships in intubated infants, probably through recruitment of lung volume. Careful interpretation and planning of the sequence of infant pulmonary function testing is necessary to reassure that changes are not related to short-term alterations in volume history.
Introduction
Measurements of pulmonary function in intubated and critically ill infants are used to describe and understand the pathophysiology of respiratory failure and to document the beneficial effects of therapeutic interventions. The analysis of maximum expiratory flow-volume relationships is one of the most valuable clinical tests in lung function in general. The forced deflation (FD) technique is regarded as the gold standard in examining maximal flow characteristics in intubated and critically ill infants since it has been demonstrated to produce flow limitation consistently for flows at and below 25% forced vital capacity in intubated infants with normal lungs [1, 2, 3, 4] . The diagnostic value of FD measurements for recognizing flow limitation is particularly useful in assessing therapeutic interventions in severe obstructive airway diseases. The technique has been used in several studies to describe pathophysiological changes and to assess therapeutic interventions such as bronchodilator responsiveness [5, 6, 7, 8, 9, 10, 11] . In this technique the lungs are inflated to total lung capacity (defined as +40 cmH 2 O inspiratory pressure), and then the intubated airway is suddenly exposed to negative pressure resulting in rapid lung deflation to residual volume.
Serial measurements of pulmonary function in intubated infants are used to determine the efficacy of therapeutic interventions in the treatment of respiratory disorders or the progression or resolution of respiratory failure. Measurements of respiratory mechanics are generally included in a series of testing maneuvers which may include FD techniques. The need for studies investigating the impact of testing sequences or altered volume history on airway and parenchymal characteristics in ventilated infants has been reported previously [12] . The present study examined whether the FD maneuvers themselves lead to alterations in respiratory mechanics and assessed the variability in results obtained by repeated FD maneuvers upon the individual patient.
Methods
Ten clinically stable infants (mean age 5.9±1.8 months, mean weight 5.8±1.0 kg) requiring mechanically assisted ventilation for acute pulmonary disease were studied at the pediatric intensive care unit at Children's Hospital Los Angeles. All infants were managed using pressure-controlled ventilation. The underlying diagnoses included pneumonia (n=2), bronchopulmonary dysplasia (n=3), bronchiolitis (n=3), acute respiratory distress syndrome (n=1), and absent pulmonary valve syndrome (n=1). All infants were intubated with cuffed endotracheal tubes of 3.5 mm or 4.0 mm internal diameter (Mallinckrodt, Glens Falls, N.Y., USA) [5] . The cuff was inflated to prevent any air leak detectable by auscultation when the lungs were inflated to +40 cmH 2 O pressure. The infants were placed supine and the stomach contents were drained via a pediatric nasogastric tube. Sedation was provided by intravenous diazepam (0.1 mg/kg) and/or morphine (0.1 mg/kg). All infants received vecuronium (0.1 mg/kg) for neuromuscular blockade during the testing procedure. Each infant was suctioned for secretions at the beginning of testing and subsequently as necessary. Ventilator settings remained unchanged throughout the study. This study was approved by the Committee on Clinical Investigations of our institution, and informed consent was obtained on behalf of the patients in this study.
Studies consisted of two sets of measurements of respiratory mechanics separated by a 20 min before and two sets of measurements of respiratory mechanics separated by a 20 min after the measurement of four FD maneuvers. A second set of FD measurements was then obtained at the end of the study. The two sets of FD measurements were separated by about 30 min. The period between the different sets was chosen to reflect the timing used in studies to test the effect of inhaled medications such as bronchodilators. All measurements were performed by the same investigator.
Respiratory mechanics were determined using the singlebreath occlusion, passive deflation flow-volume technique to document normal total respiratory system resistance (Rrs) and compliance (Crs) [13] . Testing was performed by interrupting a breath close to end-inspiration during mechanical ventilation (SensorMedics 2600 Pediatric Pulmonary System, Yorba Linda, Calif., USA) with the infants under neuromuscular blockade. The resulting passive exhalation to barometric pressure was analyzed for flow, relaxation airway pressure and volume to calculate Crs and Rrs. At least eight curves free of artifact were analyzed per patient and study period; the values were averaged and the data recorded.
Maximum expiratory flow-volume curves were generated by the FD technique [1, 3] . Before and between the deflation the patient was manually ventilated via the side port of a three-way directional sliding valve (Series 8540, Hans Rudolph, Kansas City, Mo., USA) placed at the proximal end of the endotracheal tube by squeezing a 0.5 l Jackson-Rees anesthesia bag filled from a continuous wall oxygen supply. Manual ventilation was controlled by a wall manometer and delivered at approximately the same inspiratory pressures as on mechanical ventilation. FD was initiated by activation of a sliding valve after lung inflation was generated to +40 cmH 2 O inspiratory pressure and held static for at least 3 s. Within 50 ms the inflow of gas was occluded, and the infant's airways were opened to a 100-l negative pressure reservoir by a pneumotachograph (Model 4700, Hans Rudolph) linear between 0.01 and 1.7 l/s. The lungs were deflated until expiratory flow ceased or no longer than 3 s. The resulting maximum expiratory flow-volume curves were recorded with a sampling frequency of 256 samples/s utilizing a personal computer-based data acquisition system (Model 2600 Pediatric Pulmonary Cart, SensorMedics, Anaheim, Calif., USA). Four forced deflation maneuvers were analyzed per patient and study period. The values of forced vital capacity (FVC) and maximum flow at 25% vital capacity (MEF 25 ) were averaged and the data recorded. After completion of the FD maneuvers the infants were connected to the ventilator avoiding further recruitment maneuvers by manual ventilation.
The mean, standard error of the mean, and 95% confidence interval were calculated for each patient's measurements of Crs, Rrs, FVC, and MEF 25 . The between-test coefficient of variation for repeated measurements was calculated for Crs, Rrs, FVC, and MEF 25 determined in each individual at baseline. The two-sided absolute and relative percentage change in the difference between the initial and the repeated-measurement set were calculated in each patient. The means of this percentage change for all patients with their respective 95% confidence intervals and SE were calculated for each measurement to describe intrapatient variability. To examine the effect of time on repeated measurements of Crs and Rrs and to determine whether there was a significant difference between measurements before and after FD a repeated measures analysis of variance was performed, with a significance level of p<0.05. The Bonferroni adjustment was used. The two sets of FD measurements were compared by using the Wilcoxon signed-rank test.
Results
The mean coefficients of variation for repeated measures of the baseline measurements were for 4.2±0.5% Crs, 7.1±0.8% for Rrs, for 8.6±2.5% FVC, and 16.0±3.3% for MEF 25 . Individual data of measurements of respiratory mechanics and forced expiration at the various time points of the study are presented in Tables 1 and 2 , respectively. Figure 1 presents the changes in repeated measurement sets of Crs, Rrs, FVC, and MEF 25 expressed as the absolute mean ±SE percentage change.
Crs measurements did not differ significantly between the two measurement sets separated by 20 min before and after FD. The FD maneuvers, however, caused a significant increase in mean Crs before FD of 0.53±0.09 and 0.58±0.11 ml/cmH 2 O/kg at 0 and 20 min before per-forming FD compared to the mean Crs after FD 0.71±0.11 and 0.68±0.11 ml/cmH 2 O/kg at 0 and 20 min (p<0.01, analysis of variance). The relative change in the three Crs measurements sets was 8.3% for Crs t20-t0 before FD (95% CI 20.6% to −3.9%), −3.7% for Crs t20-t0 after FD (95% CI 8.1% to −15.5%), and much higher for Crs before and after FD by 38.5% (95% CI 80.1% to −3.1%).
Measurements of Rrs did not differ significantly in any of the four sets of measurements and were not affected by the FD maneuvers (p=0.71, analysis of variance). The relative change in the three Rrs measurements sets was low, with 1.3% for Rrs t20-t0 before FD (95% CI 16.8% to −14.2%), 5.3% for Rrs t20-t0 after FD (95% CI 17.7% to −7.1%), and −1.0% for Rrs before and after FD (95% CI 11.0% to −13.0%).
FVC and MEF 25 were also not significantly different between the two sets of FD measurements. The relative mean change in FD measurements between the two sets of measurements separated by 30 min was 12.6% for FVC (95% CI 16.8% to −4.4%) and +3.6% for MEF 25 (95% CI 18.3% to −11.1%). 
Discussion
The FD technique for measuring maximum expiratory flow-volume relationships in intubated infants utilizes combined inflation and deflation maneuvers of the lungs. In this study we found that the FD maneuvers cause a significant increase in Crs for as long as 20 min after the testing procedure in intubated and ventilated infants with lung disease. In contrast, serial measurements of Rrs were not altered by the inflation and deflation maneuvers.
The clinical value of physiological measurements as diagnostic tools depends on their reproducibility. We demonstrated that the reproducibility of FD measurements with an absolute mean change of 12% for FVC and 16.6% for MEF 25 over a 20-30-min period was in a range that should allow detection of clinically relevant changes in flow limitation. No value changed by more than 2 CV of repeated baseline measurements, and all lay either within or marginally outside the 95% CI of the preceding measurements. This finding adds further evidence for the ability of the FD technique to characterize and monitor the pulmonary pathophysiology in pediatric respiratory failure and to assess the benefit of therapeutic interventions. As with recruitment maneuvers there are uncertainties regarding whether forced deflation maneuvers using inflation pressures up to 40 cmH 2 O cause stretch injury themselves. Nevertheless, forced deflation maneuvers have been repeatedly and safely used in term infants and children with lung diseases [1, 10, 11] . Likewise, recruitment maneuvers applying sustained pressures of up to 50 cmH 2 O at the airway for 30-60 s have been proposed and studied as an adjunct of mechanical ventilation in adult patients with acute respiratory distress syndrome [14, 15] . The technique has never been used, however, in premature neonates, where inflation pressures up to +40 cmH 2 O might be more hazardous.
Measurements of respiratory mechanics showed a similar intrapatient variability with a mean relative change in the range of 15% for Crs and Rrs over 20-30 min with stable conditions and without interventions. There are patient-related factors contributing to the variability in pulmonary function measurements in intubated infants: position of the infant, depth of sedation and neuromuscular blockade, tube position, and the presence of secretions. In the present study efforts were made to control these variables. Other factors may be related to the equipment itself, such as the frequency response of the transducers, a potential phase shift between the flow and pressure signals, a drift in calibration values, and the rate of digitization. We are unable to comment on the potential impact of technical factors related to the equipment. Gonzales et al. [16] have previously demonstrated that the reproducibility of respiratory mechanics measurements is better in mechanically ventilated infants (in the range of our results) than in spontaneously breathing infants. Similarly, we have previously suggested defining a clinically significant change in respiratory mechanics in ventilated infants as a change of more than 4 CV rather than 2 CV from repeated baseline measurements [17] . This was based on our findings that the range of measurements of respiratory mechanics under conditions of neuromuscular blockade with controlled mechanical ventilation, sedation, and intubation with a cuffed endotracheal tube is about one-half that reported in spontaneously breathing infants [18] .
In contrast, the mean relative change in Crs was significantly higher (in the range of 40%) when FD maneuvers were performed between the measurements. Our study was designed to exclude that possibility that improvement in Crs is due to improvement over time rather than to the FD maneuver itself. The observed increase in Crs may be due to a change in lung volume secondary to recruitment of atelectatic lung units, reopening of collapsing small airways, or changes in bronchomotor tone induced by inflating the lungs to total lung capacity prior to deflation [19] . In newborn infants Ratjen and colleagues [20] found that Crs measured at volumes above the tidal volume was consistently greater than Crs measured during tidal breathing. They related this finding to recruitment of lung units that are closed or atelectatic in the tidal volume range. It has also been demonstrated that sighs up to 40 cmH 2 0 inspiratory pressure cause an increase in Crs in adult patients with acute respiratory distress syndrome [21] . The deflation maneuver alone is expected to affect respiratory mechanics in the opposite manner, analogously to the effect of endotracheal suctioning, and cause bronchoconstriction, an increase in lung tissue resistance, and atelectasis. Such effects, however, are easily reversed by performing a recruitment maneuver after suctioning, as previously demonstrated by others [22, 23] . Our data suggest that inflating the lungs to total lung capacity before the FD maneuvers not only prevents or offsets possible adverse effects on respiratory mechanics caused by applying negative pressure to the airways but also recruits previously collapsed lung units in anesthetized and intubated children with lung disease. This effect may be less pronounced in intubated children with healthy lungs.
Platzker et al. [24] have recently demonstrated that the rapid thoracoabdominal compression technique, another method used to produce a forced expiratory maneuver in uncooperative infants, causes a temporary decrease in Crs that is more pronounced in children with abnormal lung function. They hypothesized that the decrease in Crs measured in infants who were asleep and breathing spontaneously was a result of atelectasis induced by forceful deformation of the chest and abdominal wall by the squeeze jacket. They emphasized that the sequence of performing the infant lung function testing has important implications on the measured parameters. Although our study is limited by the small number of subjects studied and the heterogeneity of their lung disease, our data support the notion that the testing sequence should be the same each time that the testing is repeated, with the forced expiratory maneuver being the last test of the sequence. All our study patients demonstrated mixed restrictive and obstructive alterations in respiratory mechanics adequately described by a linear one-compartment model as commonly found in children requiring assisted ventilation for respiratory failure. Nevertheless, forced deflation maneuvers might have a different effect in children with purely obstructive pulmonary disease (e.g., a decrease in Crs due to reflex bronchoconstriction) or with normal lungs. We doubt, however, that studying a larger cohort of patients would have changed our conclusions.
In conclusion, our study demonstrates that the inflation and deflation maneuvers used to study maximum expiratory flow-volume relationships in intubated infants are very reproducible over time but affect subsequent measurements of respiratory system compliance. The results of this study suggest that careful interpretation and planning of the sequence of infant pulmonary function testing is necessary to assure that changes in lung function are not related to short-term alterations in volume history but reflect changes related to therapeutic interventions or alterations in the disease process.
